Abstract: Al matrix composites reinforced with 40 vol% Fe50.1Co35.1Nb7.7B4.3Si2.8 glassy particles have been produced by powder metallurgy, and their microstructure and mechanical properties have been investigated in detail. Different processing routes (hot pressing and hot extrusion) are used in order to consolidate the composite powders. The homogeneous distribution of the glassy reinforcement in the Al matrix and the decrease of the particle size are obtained through ball milling. This has a positive effect on the hardness and strength of the composites. Mechanical tests show that the hardness of the hot pressed samples increases from 51-155 HV, and the strength rises from 220-630 MPa by extending the milling time from 1-50 h. The use of hot extrusion after hot pressing reduces
composites [23] [24] [25] . On the other hand, the effect of microstructural modifications, such as particle shape and interparticle distance, induced by mechanical treatments, like ball milling, as well as the influence of the consolidation method on the properties of Al-based MMCs have received relatively little attention.
In this study, Al-based MMCs reinforced with Fe-based glassy particles have been produced via powder metallurgy and the effects of milling time (1, 10, 30 and 50 h) and the consolidation process (hot press or hot press followed by hot extrusion) on the microstructure and mechanical properties are investigated.
Experimental Section

Raw Materials
Glassy particles with a nominal composition of Fe50.1Co35.1Nb7.7B4.3Si2.8 were produced by high-pressure N2 gas atomization. The samples produced by this method are powders with sizes ranging from 38-112 µm. Al powders with a purity of 99.5% and an average particle size of 125 µm were used as the matrix material.
Mechanical Milling
Milling experiments on the powder mixtures comprised of pure Al and 40 vol% glassy particles were performed using a Retsch PM400 planetary ball mill (Retsch, Dusseldorf, Germany) equipped with hardened steel balls and vials and without any process control agents. The powders were milled at room temperature for 1, 10, 30 and 50 h using a ball-to-powder mass ratio (BPR) of 10:1 and at a milling speed of 150 rpm. Such a low milling speed was used only to have uniform dispersion of the reinforcement in the matrix, unlike conventional mechanical milling or alloying. Milling was carried out as a sequence of 15-min milling intervals interrupted by 15-min breaks to avoid a strong temperature rise during milling. All sample handling was carried out in a Braun MB 150B-G glove box under purified Ar atmosphere (less than 0.1 ppm O2 and H2O) in order to minimize atmospheric contamination.
Consolidation
Consolidation of the composite powders was done by uni-axial hot pressing (HP) or hot pressing followed by hot extrusion (HE) under Ar atmosphere at 673 K and 640 MPa. Hot pressing time and the hot extrusion ratio were 30 min and 4:1, respectively.
Characterization of the Powders and Consolidated Samples
Phase analysis of the powders and consolidated samples was performed by the X-ray diffraction technique (XRD) using a D3290 PANalytical X'pert PRO (PANalytical, Almelo, The Netherlands) with Co-Kα radiation (λ = 0.17889 nm) in the Bragg-Brentano configuration. After applying a series of metallographic treatments, microstructural characterization and elemental mapping of the consolidated samples were carried out by scanning electron microscopy (SEM, Zeiss, Oberkochen,
Germany) using a Gemini 1530 microscope (operated at 15 kV) equipped with energy-dispersive X-ray detection (EDX). The matrix ligament size (λ = L/N) was calculated from the arithmetic mean of ten measurements by superposing random lines on the high magnification SEM micrographs of the composites. It is determined by the total length falling in the matrix (L) and by counting the number of matrix region intercepts per unit length of test line (N). The thermal behavior of the powders was investigated by differential scanning calorimetry (DSC) with a Perkin-Elmer DSC7 calorimeter (Perkin Elmer, Waltham, MA, USA) at a heating rate of 20 K/min under a continuous flow of purified Ar.
The experimental densities of the consolidated samples were evaluated by the Archimedes principle, and the relative densities were calculated as the percent value from the ratio of the experimental to the theoretical density of Al matrix composite reinforced with 40 vol% Fe50.1Co35.1Nb7.7B4.3Si2.8 (4.43 g/cm 3 ). Microhardness measurements were conducted by a computer-controlled Struers Duramin 5 Vickers hardness tester using a load of 10 g and indenter dwell time of 10 s. The microhardness test result of each sample includes the arithmetic mean of twenty successive indentations and standard deviations. Optical micrographs of the representative hardness indentations performed on the glassy phase distributed Al matrix were also given for each sample.
Since the hardness comparison of the composites was aimed at a constant load, measurements were not directly applied on the glassy phase, whose indentation requires a higher value of load than the one utilized. Five different cylindrical specimens 2 mm diameter and 4 mm length were prepared from each of the hot pressed and hot extruded samples and tested at room temperature using an Instron 8562 testing facility under quasistatic compressive loading (strain rate 8 × 10 −4 s −1 ). Both ends of these specimens were carefully polished to make them parallel to each other prior to the compression tests. The strain during compression was measured directly on the specimens using a Fiedler laser-extensometer.
Results and Discussion
Processing and Characterization of the Composite Powders
Figure 1a-c illustrates the XRD patterns of the starting and composite powders milled for different times. Figure 1a shows the XRD patterns of the gas-atomized Fe50.1Co35.1Nb7.7B4.3Si2.8 and pure Al (The International Centre for Diffraction Data (ICDD) Card No: 01-072-3440) powders. The glassy powder is not completely amorphous and shows the typical broad maxima characteristic for glassy materials at angles between 2θ = 40° and 2θ = 60° together with small diffraction peaks at about 2θ = 41°, 45°, 50° and 53°. As previously reported for gas-atomized Al-based glassy powders, the cooling rate may not be sufficient to completely suppress the formation of crystalline phases during gas atomization [34] . Figure 1b shows the XRD patterns of the composite powders with 40 vol% Fe50.1Co35.1Nb7.7B4.3Si2.8 milled for 1, 10, 30 and 50 h, revealing sharp Bragg peaks, which correspond to the Al matrix. No peaks belonging to additional phases can be observed even after milling for 50 h. Moreover, the Al peaks are broadened, and their intensities gradually decrease with increasing milling time from 1-50 h, indicating a gradual decrease of the crystallite size, as well as the increase in the lattice strain. The weak and diffuse peak at about 2θ = 50°-53° indicates the existence of the glassy phase in the Al matrix and proves the amorphous structure of the glassy phase after milling for 1 h. Further milling does not result in significant structural changes. [19] . DSC experiments were also carried out for the milled composite powders (Figure 2b ) to analyze the effect of milling on Tg and Tx and to select the appropriate consolidation temperature. The DSC curves reveal a glass transition temperature (Tg) followed by the supercooled liquid (SCL) region (defined as ∆Tx = Tx − Tg) before crystallization occurs at higher temperatures (Tx). The SCL regions lie below the melting temperature of the Al matrix, except for the powder milled for 1 h, which has Tx above 920 K. Tg values peaking with very weak endotherms are located at about 837, 800, 733 and 720 K, respectively, for the powders milled for 1, 10, 30 and 50 h. The prolonged milling time from 1-50 h results in a shift of Tg of about 117 K to lower temperatures. Continuous mechanical deformation of powder particles disturbs the bonds, creates dislocations, increases the fresh reactive surfaces of the particles and improves the chemical reactivity [32] . The shift of the glass transition temperature is larger (104 K) for the milling period between 1 and 30 h, whereas it is smaller for the powder milled between 30 and 50 h (13 K). Therefore, milling for 50 h is sufficient to get a desirable reduction in the Tg value of the composite powder, which correspondingly increases the temperature range of the SCL region. Figure 2b also displays broad exothermic events (corresponding to the crystallization of the glassy phase) with onset (Tx) at about 853, 840 and 837 K for the powders milled for 10, 30 and 50 h, therefore decreasing gradually with increasing the milling time. Tx determines the upper temperature limit for the sintering process, because at Tx, metallic glasses lose their liquid-like behavior, and the viscosity increases as crystallization starts [35] . The exothermic peaks in Figure 2b are rather broad, in contrast with what is generally observed for the crystallization of metallic glasses. This can be explained by the peak overlap for the peaks related to the crystallization of the glass and to the reaction of the Al matrix with the metallic glass induced by partial Al melting. When the crystallization temperature of the glassy phase in the composites is higher than that of Al melting, the corresponding DSC scan exhibits an endothermic event corresponding to the Al melting at about 835-897 K [21] . On the other hand, similar crystallization and Al melting temperatures were observed for Al-based composites reinforced with Ni60Nb40 metallic glass particles [18] . Similar to the present study, they showed broad exotherms in the DSC scans instead of the sharp peaks corresponding to the crystallization of the metallic glass [18] . The reason for this behavior was attributed to the amount of heat release originating from the Ni60Nb40 reinforcement, which was diluted in the Al matrix [18] . Furthermore, the reaction of the Al matrix with the metallic glass was observed, supported by the appearance of low-intensity diffraction peaks of aluminide intermetallics (NiAl3 and NbAl3) in the XRD patterns after annealing the composites at temperatures between 893 and 913 K [18] . Figure 3a exhibits the XRD patterns of the hot pressed composites milled for different times. The patterns display the peaks of the Al matrix along with the diffuse amorphous halo at about 2θ = 53°. This indicates that, after consolidation, the glassy reinforcement remains amorphous, corroborating the DSC results showing the exothermic event due to crystallization of the glassy phase. Figure 3c shows the XRD patterns of the hot pressed and hot extruded composites milled for different times. The comparison of Figure 3a and Figure 3c reveals the effect of hot extrusion on the microstructure: after extrusion, the characteristic Al peaks become narrower, and their intensities increase with respect to the hot pressed samples, indicating an increase in the crystallite size, probably due to the stress-induced grain growth during secondary consolidation [36] . As seen in Figure 3c Figure 4a ). With increasing the milling time to 50 h (Figure 4d ), repeated cold-welding, fracturing and re-welding [32] led to the formation of a heterogeneous microstructure consisting of large spheroidal particles along with small layered glassy particles. This gives rise to a smaller average size and to a broader particle size distribution (15 ± 12 µm). The decrease in the particle size of the Fe-based glassy particles resulting from the mechanically-induced fragmentation and the corresponding decrease of the inter-particle distance can be clearly seen in Figure 4a -d. The reduction of the distance between the particles can contribute considerably to the strength of the composites, because the matrix/particle interface can effectively inhibit dislocation movement [14] . (Figure 4) , hot extrusion leads to samples with enhanced density, as no pores are observed in the SEM micrographs ( Figure 5 ). Although the XRD patterns in Figure 3c show the Al5Fe2 intermetallic product after hot extrusion, the matrix/particle interface of the hot extruded samples is clean, and no reaction zone is observed in Figure 5a -d. The Al5Fe2 phase cannot be detected by SEM, most likely because of the ultrafine dimension, as supported by the broad XRD peaks for this phase (Figure 3c) . Furthermore, elongation of some large glassy particles occurs during hot extrusion with respect to the corresponding particles observed previously in the hot pressed composites (Figure 4a-d) . The relative density (theoretical-experimental density) of the hot pressed and hot pressed and hot extruded composites are respectively ~98% and ~99%, as also supported by the SEM micrographs given in Figures 4 and 5 , which show few or no pores. Therefore, hot pressing and hot extrusion provide nearly fully-dense specimens, since the combination of temperature and pressure stimulates the accelerated densification process and the elimination of residual porosity [37] . No significant effect of the milling time on the relative density of the composites is observed. Figure 6a ,b displays the microhardness values of the composites as a function of milling time along with the optical micrographs of the indentations (under the same applied load). With increasing the milling time from 1-50 h, the microhardness increases from 51 ± 2.3-155 ± 6.5 HV for the hot pressed composites (Figure 6a ) and from 45.1 ± 2.2-144 ± 10.5 HV for the hot pressed and hot extruded samples (Figure 6b ). For a given milling time, the hardness of the hot pressed samples is higher than those of the hot pressed and hot extruded material. This can be explained by the smaller particle sizes (15 ± 12 m) and more homogeneous distribution of the hard Fe-based glassy particles throughout the hot pressed microstructure than those consolidated by hot extrusion (22 ± 10 µm) [38] . A maximum average hardness value of 155 HV was measured for the 50-h milled and hot pressed sample, which is compatible with its microstructure, presenting a uniform distribution of fine glassy particles without significant clustering (Figure 4d) . Moreover, the pyramidal indentations are not distorted, and no significant cracks are observed around the indentation, despite the difference in hardness between the soft matrix and the hard reinforcing phase (Figure 7 ). This indicates that the Fe-based glassy particles are strongly bonded with the Al matrix, which can play a significant role in enhancing the mechanical properties of the composites [30] . Room temperature compression true stress-true strain curves of the tests under quasistatic loading for the composite materials are shown in Figure 8 . Data for the yield strength (0.2% offset), ultimate strength, strain at fracture and microhardness of the composites are summarized in Table 1 . The yield and ultimate strength values of the composites are higher than those of the hot pressed and hot extruded pure Al (125 and 155 MPa, respectively), indicating the positive effect of Fe-based metallic glass reinforcements on the mechanical properties of Al [27, 30] . These results also reveal the significant effect of milling and the consolidation process on the strength and plasticity of the composites. With increasing milling time from 1-50 h, the strength of the composites increases remarkably for both consolidation processes, showing a similar tendency as the hardness.
Characterization of the Consolidated Samples
Mechanical Properties of the Consolidated Samples
The ultimate strength of the hot pressed materials increases from 220 MPa for the composite milled for 1 h to 340, 440 and 630 MPa for the composites milled for 10, 30 and 50 h, respectively. In contrast, the plastic deformation of the hot pressed materials decreases from 35% for the composite milled for 1 h to 8.5%, 6.5% and 1.2% for the hot pressed composites produced from the powders milled for 10, 30 and 50 h. On the other hand, the ultimate strength of the hot extruded materials increases from 220 MPa for the composite milled for 1 h to 295 MPa for the composites milled for 10 h, while retaining appreciable plastic deformation, reaching an ultimate strain of 30% before fracture occurs. The 30 h milled, hot pressed and hot extruded composite gives a good combination of high strength and remarkable plasticity, exhibiting yield and ultimate strengths at 285 and 390 MPa and fracture strain at 21%. These results show that the use of hot extrusion after hot pressing slightly reduces both the strength and hardness of the composites, while raising the plastic deformation, which ranges between 35 and 6.5%. The values of strength for the 50-h milled and consolidated samples are higher than those reported for Al/Al2O3 composites [39] and Al MMCs reinforced with different types of metallic glasses [21, 25] . This indicates that Fe-based glassy particles may be a valid alternative to the conventional ceramic or other metallic glass reinforcements.
As revealed by the XRD patterns and SEM micrographs of the powders and consolidated samples (Figures 1 and 3-5) , milling leads to the reduction of the reinforcement particle size (Figure 9 ), which is most likely the reason for the increase of the yield and ultimate strengths with increasing milling time ( Table 2 ). The reduction of the particle size leads to an improvement in the mechanical properties if a clean particle-matrix interface is obtained [4] . The average inter-particle distance of the composites decreases to 3 µm after milling for 50 h. This observation can be translated into an effective grain size of the Al matrix in the composites smaller than 3.5 µm [30] . Besides the reduced particle size, the improvement of the strength and hardness of the composites resulting from milling can also be ascribed to the corresponding reduced distance between the glassy particles, as observed in the SEM micrographs (Figures 4 and 5) . This phenomenon was reported for the Al and brass matrix composites reinforced with different types of metallic glasses [18, 35] . Table 2 . The average inter-particle distance for the hot pressed and hot pressed and hot extruded composites as a function of milling time.
Milling Time (h) Average inter-particle distance (µm) Hot pressed composites Hot pressed and hot extruded composites 1 21 ± 7 26 ± 7 10 8 ± 1 10 ± 2 30 6 ± 2 6 ± 1 50 3 ± 1 4 ± 1 Figure 9 . Average particle sizes of the hot pressed composites milled for different times.
Evaluation of the Mechanical Behavior by Theoretical Predictions
The prediction of the mechanical properties of a composite is an important prerequisite for material design and application. Recently, a model proposed by Gurland [40] , which considers (σ ∞ V
the combined effects of the reinforcement volume fraction (V) and the particle size (d), has been rearranged to consider the effect of the matrix ligament size λ, as [35] :
(1) Figure 10a ,b shows the yield strength as a function of V 1/3 λ −1/2 for the present consolidated samples.
The matrix ligament size depends on the milling time of the composite powders, and for the current volume fraction of reinforcement (40 vol%) , the relationship between strength and V 1/3 λ −1/2 is linear for both hot pressed and hot extruded samples. The reduction of λ can give a considerable contribution to the strength of the composites because the matrix/particle interface can effectively reduce the movement of dislocations [15] . This corroborates the validity of the model (Equation (1)) for the present composites and further indicates that the strength can be accurately modeled by considering the effect of the matrix ligament size. Furthermore, the reason for the differences in strength and plasticity of the hot pressed and hot extruded composites can be explained by the grain growth of the Al matrix and the formation of particle clusters during hot extrusion, as previously observed in Figures 3c and 5 . The grain refinement provides an additional strengthening effect resulting from the dislocation piling-up at the grain boundaries [41] [42] [43] . Eventually, composites fabricated by milling for different times, hot pressing and hot extrusion can be considered as potential candidates for applications demanding various mechanical properties. The hot pressed composites exhibit high strength and high hardness, which are of primary importance for structural applications [1] . On the other hand, hot extruded MMCs are potential materials for aerospace and automotive industries due to a superior balance of improved strength and plasticity [1] .
Conclusions
Al matrix composites reinforced with 40 vol% Fe50.1Co35.1Nb7.7B4.3Si2.8 glassy particles have been successfully produced via powder metallurgy routes using different milling times and consolidation processes. Based on the results of the present study, the following conclusions can be drawn:
1. Milled and hot pressed composites revealed no formation of intermetallic compounds even after milling for 50 h, within the sensitivity of the XRD measurements. Only a small amount of the Al5Fe2 intermetallic compound was observed in the XRD patterns of all milled, hot pressed and hot extruded samples. DSC scans revealed that milling time changes the overall crystallization behavior of the composite powders. 2. Ball milling resulted in the decrease of the grain sizes of the Al matrix, in the reduction of the particle size of the glassy reinforcements and in their homogeneous distribution in the Al matrix. This has a positive effect on the hardness and strength of the composites produced by both hot pressing and hot pressing followed by hot extrusion. With increasing the milling time from 1-50 h, the microhardness values of the hot pressed and hot extruded samples increase from 51 ± 2.26-155 ± 6.5 HV and from 45.1 ± 2.24-144 ± 10.5 HV, respectively. With increasing milling time from 1-50 h, the strength of the composites increases remarkably for both consolidation processes, showing a similar tendency as observed for the hardness. 3. The ultimate strength of the hot pressed materials increases from 220 MPa for the composite milled for 1 h to 340, 440 and 630 MPa for the composites milled for 10, 30 and 50 h, respectively. The 50-h milled and hot pressed composite exhibits small plastic deformation of 1.2% and a maximum strength of 630 MPa, which is in agreement with the highest Vickers microhardness of 155 ± 6.5 HV among all composites. 4. The use of hot extrusion after hot pressing slightly reduces both the strength and hardness of the composites, while raising the plastic deformation ranging between 35 and 6.5%. The 30-h milled, hot pressed and hot extruded composite gives a combination of high strength (390 MPa) and remarkable plasticity (21%).
The strength of both the hot pressed or hot pressed and hot extruded composites can be accurately described by a simple model considering the effect of matrix ligament size on the strengthening of the composites.
